Abstract. Three recent experiments have used the ratio of e + p to e − p elastic scattering to directly determine the two-photon exchange (TPE) contribution to the elastic-scattering process. These experiments by CLAS, VEPP-3 and OLYMPUS were motivated by the discrepancy between Rosenbluth separation and polarization transfer measurements of the electromagnetic form factors of the proton. The results of these experiments cover Q 2 < 2 GeV 2 and collectively agree well with TPE model predictions that largely explain the form factor discrepancy.
INTRODUCTION
The electromagnetic form factors are the fundamental observables that contain information about the spatial distribution of the charge and magnetization inside the proton. The electric (G E (Q 2 )) and magnetic (G M (Q 2 )) form factors have been extracted by analyzing data from both unpolarized [1, 2, 3, 4, 5, 6] and polarized [7, 8, 9, 10, 11] electron scattering experiments assuming an exchange of a virtual photon between the electron and the proton while accounting for soft radiative effects and external hard photons. The ratio of the electric to magnetic form factors,
, where µ p is the proton magnetic moment, extracted from these two experimental methods shows a significant discrepancy that grows with Q 2 , as seen in Fig. 1 . One explanation for the observed discrepancy results from neglecting hard two-photon exchange (TPE) corrections [14, 15, 16, 17] , a higher-order contribution to the radiative corrections [18, 19, 20] . A model-independent way of measuring the size of the TPE effect is by comparing e − p and e + p elastic scattering cross sections [21] . The interference between one-and two-photon exchange diagrams has the opposite sign for electrons and positrons while most of the other radiative corrections are identical for electrons and positrons and cancel to first order in the ratio
Correcting for other radiative effects that do not cancel in the ratio, one obtains
TPE EXPERIMENTS
In the 1960s and 1970s there were several attempts to measure R 2γ . Early measurements comparing electron and positron elastic-scattering cross sections (see Ref. [21] for a global comparison) were largely limited to low Q 2 and/or high ε, where calculations [22, 23, 24] suggest that TPE contributions are small. Given the limited experimental sensitivity of these early measurements, none of the experiments observed a significant deviation from R 2γ = 1 and the search for TPE effects was dormant. However, the form-factor discrepancy inspired a new round of experiments by the CLAS [25, 13] , VEPP-3 [26] , and OLYMPUS [27] collaborations. These three experiments used different techniques and each had its own advantages and disadvantages.
from Rosenbluth [12] (open cyan symbols) and "Super Rosenbluth" [6] (black stars) measurements and from polarization measurements [7, 8, 9, 10, 11] (filled red diamonds) measurements. Figure adapted from Ref. [13] .
The CLAS experiment conducted in Hall B at Jefferson Lab utilized a simultaneous mixed beam of electrons and positrons with a continuous distribution of usable beam energies from 0.85 to 3.5 GeV and the CEBAF Large Acceptance Spectrometer (CLAS) to detect the scattered leptons and protons over a wide range of scattering angles. The mixed beam was produced by a 5.5 GeV primary electron beam incident upon a radiator to produce a secondary photon beam. The photon beam was then incident upon a converter foil that pair-produced the electrons and positrons in the tertiary mixed beam. This conversion process led to large backgrounds in the hall and a large-diameter tertiary beam that together limited the luminosity, which in turn limited the statistical precision of the data. The large acceptance of CLAS led to a wide range of kinematic coverage as shown in Figure 2 . By using a simultaneous e + e − beam, there was no need for absolute luminosity normalization in the measured e + /e − ratio. A total of 12 independent data points for R 2γ were measured by CLAS.
The VEPP-3 experiment was conducted on the Novosibirisk storage ring with an internal hydrogen gas target and took data with beam energies of 1.6 and 1.0 GeV during two separate running periods. The experiment used nonmagnetic spectrometers, which guarantees identical acceptances for e + p and e − p events. This constituted a relative FIGURE 2. Kinematic regions probed by the three two-photon experiments showing the Q 2 and ε plane. Symbols indicate values at which data points were reported by the respective experiments. The boxed regions show the bins over which the CLAS data are summed and the blue curves indicate the kinematic region over which the VEPP-3 data points are summed to obtain the results at the data points shown by the symbols. The binning of the OLYMPUS data are binned such that the gaps between bins are not visible in the red curve. Figure adapted from Ref. [28] .
advantage for the VEPP-3 experiment compared to the CLAS and OLYMPUS experiments, which both used magnetic spectrometers and can lead to acceptance differences for the two types of events. The experiment alternated between running with positron and electron beams but did not determine an absolute positron/electron normalizations. Instead, luminosity normalization points were take at small angles where hard TPE effects are expected to be small and R 2γ = 1. This leads to an unknown relative normalization with the measured ratios requiring scaling such that the luminosity normalization points agree with any model predictions. Running with fixed beam energies and fixed spectrometer angles led to high precision results, but at only four kinematic points (see Figure 2) .
The OLYMPUS experiment was conducted using the DORIS storage ring at DESY with a 2.01 GeV beam on an internal gas target. Scattered particles were detected with the BLAST detector giving a large coverage of scattering angles from 25
• to 75
• (see Figure 2) . As with the VEPP-3 experiment, the separate electron/positron running required relative normalization. However, unlike VEPP-3, OLYMPUS measured an absolute normalization [29] , which was claimed to be good to less than 0.5%. The OLYMPUS experiment resulted in 20 high precision data points.
RESULTS
A direct comparison of all of the results from this new generation of TPE experiments is not straightforward because the data span a large range in both Q 2 and ε. However, comparisons can be made at similar kinematics. Figure 3 shows the ε dependence of the results at Q 2 = 0.85 and 1.45 GeV 2 and Figure 4 shows the Q 2 dependence at ε = 0.45 and ε = 0.88. It is clear from the figures that the new results show an marked improvement over the older world data. There is very good agreement between the CLAS and VEPP-3 results but they do not agree well with the OLYMPUS results. CLAS and VEPP-3 results also agree well with the calculations of Zhou and Yang [30] as well as that of Blunden et al. [31] .
GLOBAL ANALYSIS
In order to better understand the significance of the new results, a global analysis was performed in a recent review article [28] . One way to compare the data is to plot each data point's difference from a given model, R data 2γ − R model 2γ . However, this does not present the entire picture since CLAS and OLYPUS data both have scale-type, or normalization uncertainties that could move the entire data sets up or down.To account for the normalization uncertainty a statistical analysis was preformed in which the CLAS and OLYMPUS data normalization was allowed to float independently but FIGURE 3. World data for R 2γ at fixed Q 2 . The filled black squares are from CLAS [13] , the blue diamonds are from VEPP-3 [26] , the red circles are from OLYMPUS [27] , and the green diamonds are the earlier world data. The line at R 2γ = 1 is the limit of no TPE. The magenta solid and red dashed curves show the calculation by Zhou and Yang [30] including N only and N + ∆ intermediate states, respectively. The blue dotted curve shows the calculation by Blunden et al. [31] . The black dot-dashed line shows the calculation of TPE effects on a structureless point proton [20] . World data for R 2γ at fixed ε. The symbols and curves are the same as in Figure 3 with an additional data point from a CLAS TPE test run [32] .
with a penalty determined by the normalization uncertainty. A normalization factor, N, is determined that minimizes a modified χ 2 defined by
where R 2γ is the value reported by the experiments, δR total 2γ is the quadrature sum of the statistical and uncorrelated systematic uncertainties, R calc 2γ is the calculated value for a particular model, and δR norm 2γ is the normalization uncertainty. The number of degrees of freedom, ν, is then number of data points, n, in the set minus one. In total, 34 data points were used for the comparison with two normalization factors leading ν = 32. The analysis for the VEPP-3 data requires a normalization so that the luminosity normalization data point to agrees with the calculation at that point.
For this analysis the comparisons made were to the no-TPE hypothesis (R 2γ = 1) and hadronic model calculations of Blunden and Melnitchouk [33] and by Borisyuk and Kobushkin [34] . The Blunden and Melntichouk calculation determines the TPE correction assuming proton and ∆ intermediate states in a dispersive model while the Borisyuk and Kobushkin calculation includes πN intermediate states with J = 1/2 and 3/2. These models largely reconcile the difference between the Rosenbluth and polarization transfer measurements of the form factor ratio.
The difference R norm 2γ − R calc 2γ is shown in Figure 5 as a function of ε and the results of the statistical analysis is shown in Table 1 . A large difference is clearly seen for the no TPE hypothesis. Statistically, it is excluded at the 99.5% confidence level. There is good agreement with the hadronic models of Reference [33, 34] with confidence levels of 53% and 48%, respectively. However, large upward normalizations are required for the OLYMPUS data that is about a factor of two larger than the normalization uncertainty.
CONCLUSIONS
While the statistical analysis excludes the no TPE hypothesis and seems to indicate a good agreement between the data and leading models, the current state of affairs is by no means definitive. The OLYMPUS data requires a normalization that is about twice as large as the quoted normalization uncertainty. Furthermore, the current data are all below where the form factor discrepancy is significant (Q 2 > 2 GeV 2 ). Clearly, more data at larger Q 2 are needed. A dedicated positron beam at Jefferson Lab could lead to these much needed data. In addition to Rosenbluth separations using a positron beam in either Hall A or C, one could conduct an OLYMPUS-style experiment with CLAS12. With an 11 GeV beam, the large acceptance (5 • ≤ θ e CM ≤ 122 • ) of CLAS12 could extend measurements of R 2γ to Q 2 up to ∼ 10 GeV 2 , and possibly once and for all resolve the form factor discrepancy. 
